Removal of the lower epidermis from a tobacco leaf allows a faster and wider range of water fluxes, without damaging the mesophyll. It also permits a more direct examination of the photosynthetic potential of the tissue at various levels of hydration.
decreases with leaf age and is correlated with the rate of dehydration, but it is independent of the tissue's water potential, as estimated by the isopiestic method. The hydraulic permeability coefficient of water influx is directly related to water potential of the tissue, suggesting a mechanism for the regulaton of the hydration level of the leaf tissue.
The "energy of activation" of rehydration amounts to about 9 kilocalories per mole at intermediate dehydration, but it greatly declines following water loss in excess of 600 milligrams per gram fresh weight. The excessive dehydration is also characterized by a major increase in permeability (monitored by efflux of ions and materials absorbing ultraviolet light) and by a parallel decrease in photosynthetic activity. The interrelationship of these effects of excessive dehydration is discussed.
The effects of dehydration of plants (see reviews: 4, 7, 12, 15, 18, 31, 32) are manifold and reflect the multiple functions of water as a medium, a substrate, and a major constituent of active tissues. Which of the many effects of dehydration are primary has yet to be determined. Prolonged exposure of a plant or a given tissue to water stress complicates the resolution of this issue. The selection of a suitable experimental system for a study of the immediate effects of water stress on leaf tissue poses a challenge, since stomatal opening is strongly affected by dehydration. The presence of the epidermis complicates the measurement of water fluxes and of photosynthesis in dehydrating leaf tissue. The removal of the epidermal layer facilitates such studies, provided it does not damage the mesophyll tissue. Since their lower epidermis can be easily stripped, tobacco leaves were used for our investigations.
In this communication-the first part of a more comprehensive study of dehydration in plants-we focus attention on the control of the hydration rate of the tobacco leaf system and on the effect of dehydration on permeability. An abstract of this work has appeared (10 [8] [9] [10] full-sized leaves) were taken to the laboratory for hydration studies. The tissue bordering the main veins was excised with a razor blade. By bending and gently tearing off a portion of the tissue, it is possible to remove the epidermis of the remaining tissue. The lower epidermis was thus stripped off and discs of 1.6 cm diameter were cut with a sharp cork borer. During processing, the discs were stored in a moist Petri dish for up to 10 min, with the upper epidermis placed downwards. Five discs, totaling 350 to 420 mg fresh wt, were used for each treatment. The rates of hydration were expressed on the basis of the original fresh weight.
Dehydration and Rehydration. For dehydration the discs with the stripped side up were exposed to an atmosphere of 45 to 60% relative humidity under a light intensity of 2500 lux (Sylvania Gro-Lux lamps) at a room temperature of 24 to 27 C. The tissue was weighed on an analytical balance at frequent intervals (Fig. 1) . The rate of dehydration was computed on the basis of the time required for the tissue to lose a known weight of water (commonly 350 mg per g fresh wt).
When the desired degree of dehydration had been attained, rehydration was started by floating the discs, with the lower side down, on distilled water at 22 C in the light. Where indicated, other temperatures were employed. At 2-to 3-min intervals, the discs were taken out, blotted once with a paper tissue, and weighed. Additional blotting had a negligible effect on the weight of the discs. Comparative measurements showed that the interruptions for the weighing (up to 8 times) did not alter the rate or the extent of rehydration, which were dependent on the net time of exposure of the tissue to water.
The rate of rehydration was derived from the initial rate of water uptake. For example, in Figure 2 the rate of rehydration was 37 mg per g fresh wt per min, based on the linear portion of the curve (up to 6 min).
Water Potential. The water potential of the leaf discs was found by estimation of the water potential of a sucrose solution (29) in which the weight of the tissue did not change. The validity of this isopiestic technique has been questioned (1, 9) because of the possibility of diffusion either of sucrose or of its hydrolytic products into the tissue. To minimize such uncertainties, the discs were floated on graded solutions (0-0.6 M sucrose) at 22 C, and the linear changes in weight of the tissue within 4 min were used to compute the isopiestic point (1 Tables I and II with the data of Fig. 7.) Photosynthetic Activity. The method described by Shimshi (27) for determination of light-dependent uptake of`4CO2 was used with a modification in the counting procedure. Individual disc were exposed to 14CO2 of known specific radioactivity for 20 sec under saturating light intensity of 16,000 lux. A 300-w tungsten "flood" lamp with a 10-cm water filter was used as a light source. The radioactivity of the discs was then counted directly with a Packard TriCarb model 3380 liquid scintillation counter. The scintillation solution was composed of 2/3 toluene, 1/3 Triton X-100, 4% (w/v) 2,5-diphenyloxazole, and 0.1% (w/v), 1,4-bis-2-(4-methyl-5-phenyloxazolyl)benzene. In this solution, quenching due to the presence of the tissue was less than 10%, and the counting efficiency was 60%. For improved reproducibility, the discs were left in the scintillation solution for at least 30 min, but less than 24 hr, before counting.
Permeability. A change of the permeability of the tissue was monitored by the efflux of cell constituents. For efflux of ultraviolet-absorbing materials, discs were floated with the stripped side down on distilled water (1 disc per 2 ml) for 5 min. The absorbance of the medium was analyzed with a Cary 15 spectrophotometer. For analysis of efflux of ions, single discs were immersed in 8 ml of medium in a cell equipped with electrodes. The medium consisted of 1 mm potassium phosphate, pH 6.0, and 25 mm choline chloride. The changes in pH and in K+ concentration were measured for 3 min as described by Shavit et al. (26) .
The experiments presented were repeated three times or more with similar results.
RESULTS
Use of Epidermis-free Tissue. The suitability of the epidermis-free tissue for physiological studies was examined as follows.
Morphology. When kept in a moist dish in the light, the "stripped" tissue retained a normal appearance for at least 1 day. Deliberate damage of the outer cells with a needle caused darkening of the damaged cells, but no such symptoms could be detected in the stripped tissue. To examine the extent of damage to the outer cells of the mesophyll tissue caused by the stripping process, the epidermal layer itself was examined microscopically (X600) after its removal from the leaf. Dehydration and Rehydration. The course of dehydration was followed in intact and in stripped discs taken from the same leaf. In addition, stomatal opening of the intact discs were measured on cellulose acetate positives made from silicone rubber imprints (25, 33) . Figure 1 shows that at a low level of dehydration the stomates opened wider but, as dehydration intensified, stomatal opening decreased greatly. While the stomates were wide open, the rate of dehydration was similar in intact and in stripped discs. However, as the stomates began to close, the dehydration of the intact tissue declined to one-third or less of the rate measured in the stripped tissue. At this low rate of water loss, more than 4 hr would be required for dehydration to exceed 400 mg/g of the intact tissue.
The time course of rehydration of stripped discs is given in Figure 2 . Rehydration progressed linearly for 6 min, and within 10 min the tissue absorbed all the water lost during dehydration.
Photosynthetic Activity. When kept turgid under a light intensity of 2500 lux, the photosynthetic activity of the stripped discs was higher by about 35% than the level measured in the intact leaf discs kept under similar conditions. Under these conditions the photosynthetic activity of the stripped tissue remained unchanged for at least 3 hr.
In conclusion, leaf discs stripped of the lower epidermis appeared fully suitable for our studies of dehydration and rehydration.
Hydration Rates. Using the terminology of Kedem and Katchalsky (14) , the volume flow of water through a membrane is described by the equation: it = J, = Lv(AP -oa7r) ( 
1) A
where Jf is the total volume flow; A is membrane surface area; J. is volume flow per unit area; L, is hydraulic permeability coefficients; AP is hydrostatic pressure difference across the membrane; cr is reflection coefficient; A, is osmotic pressure difference across the membrane.
When applied to the system used in this study (tissue floated on distilled water), equation 1 may be rewritten: J4 = L, (P -a7r) (2) where ',,, the tissue water potential, is equal to P-r. The rate of volume flow of water thus depends on +O and on L,.
Rehydration rate is expected to increase commensurately with decrease of the water potential. (Table I) . Table II shows that rate of rehydration differed in discs from leaves of different ages. The younger leaves lost and regained water at a faster rate than the older ones. Table III demonstrates that, even at a similar level of water potential, the discs from leaves of different ages nevertheless differed distinctly in the rehydration rate. The specific degrees of dehydration indicated in Table III were chosen empirically to ensure a similar level of water potential. It is concluded that in our system L, decreases with age of the tissue. Figure 3 shows a linear relation (regression coefficient of 0.83) between the rates of rehydration and dehydration. The faster the dehydration rate, the faster was the rehydration rate. Only a limited overshoot (the slope of the curve is 1.125) was observed.
The temperature of the medium markedly affected the rehydration rate (Fig. 4) . The transition of the rehydration rate following a change of the temperature was rapid, occurring within less than 1 min. A plot of log rehydration rate as a function of the reciprocal of the absolute temperature is linear (Fig. 5) . If the linearity of the plot is taken to indicate that rehydration obeys a simple Arrhenius equation, rehydration = A exp (-Ea/RT) (3) one can calculate Ea, the experimental "activation energy." R is the gas constant; T is the absolute temperature; and A is the frequency factor. Figure 6 shows that the value of Ea depended on the level of dehydration. Values of 8 to 9 kcal/mole were measured following intermediate levels of dehydration, but the experimental activation energy dropped sharply when dehydration was in excess of 60%. This signified a change of the membrane structure of the cell, which could indicate that the membranes were damaged. Consequently, leakage of cell constituents as a function of dehydration was measured.
Permeability. The efflux of materials absorbing ultraviolet light has been used to detect changes in permeability of potato tuber discs (21) . Similarly, we followed the efflux of ultraviolet-absorbing materials from dehydrating tobacco leaf tissue into the medium. The absorbance spectrum of the components diffused to the medium was characterized by a sharp peak at 258 nm (Fig. 7A, inset) . The molecular weight of these materials, as estimated by gel filtration, was below 1000. The absorption pattern on ion exchange columns and the relative proportion of pentose, phosphate, and ultraviolet absorbance indicated that nucleoside(s) and nucleotide(s) comprised about one-third of the ultraviolet-absorbing materials. The identity of the other components is not known. Figure 7A shows that dehydration in excess of 500 mg/g resulted in a marked increase in the efflux of the ultraviolet-absorbing materials. Similarly, the efflux of protons ( of K+ (Fig. 7C) Figure 8 , which may be compared with indirect considerations (2) or with the use of lower plants (28) for the evaluation of the photosynthetic activity of dehydrating tissue.
Lp controls the rehydration rate of the leaf discs in our ex- periments. This conclusion is supported by a series of observations: (a) The rehydration rate is essentially linear (Fig. 2). (b) The rates of dehydration and rehydration are positively correlated (Fig. 3) . Furthermore, influx is measured from distilled water, thus meeting two of the criteria which were required to demonstrate the role of Lp in determining the flow of water (8) (Table III) . (e) Changes in temperature are followed by rapid transitions of the rehydration rates (Fig. 4) . (f) The tobacco leaf tissue is much more permeable to water than to the cells' internal solutes, which corresponds with the data presented by Reinhold and Glinka (24) for carrot tissue.
The calculated values of Lp of tobacco leaf discs (Table I) (16, 17) . It is of interest that the sharp drop in Ea on excessive dehydration coincides with a major change in membrane permeability to solutes, which is expressed by an efflux of a variety of cell constituents (Fig. 7) . This abrupt change in permeability supports previous observations that excessive dehydration may result in damage to membranes (22) . Changes in leakage and in photosynthesis (Figs. 7, 8) are apparent at similar degrees of dehydration. Since structural integrity of the chloroplast membranes is required for efficient photophosphorylation, the reduction in photosynthesis may be associated with changes in permeability.
